We report paleomagnetic, rock magnetic, and paleointensity studies for 24 volcanic lava flows from the Michoacan-Guanajuato volcanic field (MGVF), erupted between 2.27 Ma to present according to available radiometric ages and historic records. The MGVF located in the central-western sector of the Plio-Quaternary TransMexican volcanic belt is mainly composed by cinder cones and shield volcanoes. Rock magnetic experiments show remanence is carried in most cases by Ti-poor titanomagnetites, resulting from oxy-exsolution of original titanomagnetites during flow cooling. Unblocking temperature spectra and high coercivities point to "small" pseudo-single domain grains for the titanomagnetites. Single component, linear vector plots are obtained after alternating field and thermal demagnetization. Seven flows yield reverse polarity magnetization while sixteen flows are normally magnetized. The overall mean paleodirection obtained (with 14 flows normal and 6 flows reverse) is I=28.4
Introduction
Study of the spatial and temporal variations of the Earth's magnetic field and the nature of the time-averaged field have remained central topics for paleomagnetic research. These studies permit investigation of the internal geodynamo processes that generate the field, and tectonic and stratigraphic applications of paleomagnetic data. The geocentric axial dipole (GAD) hypothesis states that average of paleomagnetic directions observed in a given locality over a long enough interval results in a GAD field. The length of the interval is assumed dependent of the characteristics of the temporal variations of the geomagnetic field. Study of the spatial and temporal variations of the field and the nature of the time-averaged field have benefited from the accumulation of reliable paleomagnetic data from differ-ent regions and development of new modeling and inversion techniques. However, global data coverage remains unevenly distributed in space and time, and more data are needed to document the field characteristics and to constrain models, particularly for low-latitude regions. Furthermore, the database of paleomagnetic directions is far more complete than that available for paleointensities, which makes modeling of the total vectorial field a difficult problem.
Paleomagnetic studies of the Plio-Quaternary volcanic sequences have investigated the paleosecular variation (PSV) characteristics for central Mexico, with contrasting conclusions in regard to the amount of paleosecular variation as estimated by the angular dispersion of virtual geomagnetic poles (VGP) (e.g., Steele, 1985; Herrero-Bervera et al., 1986; Bohnel et al., 1990; Urrutia-Fucugauchi, 1995 Gonzalez et al., 1997; Bohnel and Molina-Garza, 2002) . Comparison of the PSV determinations with PSV models of latitudinal variation of VGP angular dispersion in the past have alternatively suggested that central Mexico is/is not part of the low non-dipole field for the Pacific Ocean region. The study of the Pacific low non-dipole window and the nature of regional inclination anomalies remains an important aspect of paleomagnetic research (e.g., Main volcanic provinces of Mexico: 1) Eastern Alkaline Province; 2) Sierra Madre Occidental; 3) Baja California Province; 4). Trans-Mexican volcanic belt. Inset of the Michocán-Guanajuato volcanic field (MGVF) is shown as a rectangle. (modified from Ban et al., 1992) Cox, 1971, 1972; McElhinny et al., 1996; Elmaleh et al., 2001) .
In the present study, we have studied 24 monogenetic volcanic centers of the Michoacan-Guanajuato volcanic field ( Fig. 1) , erupted between 2.27 Ma to present according to K-Ar, Ar-Ar and radiocarbon radiometric ages. In addition, we examined published data and constructed a new updated paleomagnetic database for central Mexico. One of the objectives of this study is to estimate the paleosecular variation of geomagnetic field for central Mexico. Additionally, we use the Thellier paleointensity method in selected samples to provide new data on the full vector geomagnetic variation during the Plio-Quaternary.
Geological Setting and Sampling
The Michoacan-Guanajuato volcanic field is located at the west-central part of the Trans-Mexican volcanic belt (TMVB) (Fig. 1) . The TMVB is related to Neogene subduction of the Cocos and Rivera plates beneath the southwestern margin of the North American plate. The basal units of the TMVB are late Miocene, and in the western sector cover the Eocene to early Miocene Sierra Madre Occidental silicious volcanic province. TMVB is a 20-150 km wide, 1,000 km long and about 1000-2000 m high volcanic plateau, which roughly extends from the Pacific Ocean to the Gulf of Mexico; it includes high stratovolcanoes (e.g. Popocatepetl, Colima, Pico de Orizaba), shield volcanoes (e.g., Cerro Paracho, Cerro Culiacan, Cerro Yahuarato), monogenetic cinder cone fields (e.g., MGVF, Chichinautzin) and silicic calderas (e.g., Amealco). Unlike typical trench-arc systems, TMVB is not parallel to the Middle America trench, but forms an angle of about 20
• with respect to the trench (Molnar and Sykes, 1969; UrrutiaFucugauchi and del Castillo, 1977) (Fig. 1) . Geochemical studies document a province of both calc-alkaline and alkaline composition, which accounts for the occurrence of dacitic, andesitic and basaltic rocks. The construction of andesitic centers in the western part of the TMVB that lie Hasenaka and Carmichael, 1985) .
above the subducted portion of the Rivera plate started between 0.6 and 0.2 Ma. However, in the central and eastern parts of the arc, where the Cocos plate is subducting, edification of the andesite-dacite volcanoes began considerably earlier, at approximately 1.7 Ma (Nixon et al., 1987) . The western TMVB sector is characterized by three rift systems: 1) Tepic-Zacoalco graben trending NW-SE, 2) Colima graben which has N-S orientation, and 3) Chapala rift trending E-W (Fig. 1) . The Michoacan-Guanajuato volcanic field is localized on the Chapala Lake eastern sector, which constitutes the axis of Chapala rift. The geographic boundaries of the MGVF are delineated by the 18
• 45 N and 20
• 15 N parallels and the 100
• 25 W and 100
• 45 W meridians. The MGVF, with an area of 40,000 km 2 , contains over 1,000 small-sized monogenetic volcanoes including: cinder cones (90%), maars, tuff rings, lava domes and lava flows with hidden vents; all centers have a character predominant calc-alkaline but alkaline and transitional rocks are also found; all have a wide variation of silica content from 47% to 70% with olivine basalt and basalt-andesite rocks (Hasenaka, 1994; Hasenaka et al., 1994) . Generally speaking, alkaline cinder cones are older and located towards the northern sector of MGVF.
The cinder cones are situated between 200 km and 440 km from Middle America trench, where the majority of them (75%) are distributed between 200 km and 300 km of distance from the trench (Fig. 2) . The median cinder cone has a height of 90 m, a basal diameter of 800 m, a crater diameter of 230 m, and a volume of 0.021 km 3 . In general, cinder and lava cones are active for a short period of time, approximately by few months to twenty years and rarely the activity restart. Two cinder cones have been born in historic times; the Paricutin in 1943-1952 and the Jorullo in 1759-1774.
In addition to the small-sized centers, there are about 300 medium-sized volcanoes that have mainly erupted calcalkaline andesites with the majority of lavas falling in the SiO 2 range between of the 55% to 61% (Hasenaka and Carmichael, 1985) . This medium-sized volcanoes represent principally Icelandic-type shields, with slopes between 5
• (1) Ban et al. (1992) ; (2) Hasenaka and Carmichael (1985) ; (3) Nixon et al. (1987) ; (4) This study.
and 15
• , a basal diameter between 3 and 8 km, heights between 300 and 700 m, and volumes between 1 and 10 km 3 (Ban et al., 1992) . These shield volcanoes, were built during an essentially continuous discharge from a central vent, and thus are monogenetic volcanoes. Therefore, these volcanoes represent an important part of the total magma erupted into the volcanic field. Geomorphologically the lava flows associated to these medium-sized volcanoes are older than those from cinder cones, thus they are possible precursors to the small-sized volcanoes (Hasenaka, 1994) . Moreover, there are two stratovolcanos, Volcán Grande and Cerro Tancítaro. The MGVF is different respect to the other parts of the TMVB, which are characterized mainly by composite volcanoes (e.g. Popocatépetl, Nevado de Colima, Pico de Orizaba etc.) with more acid lavas typically.
Six cinder cones have been dated by the 14 C method yielding an age between 3,800-29,000 yr BP (Hasenaka and Carmichael, 1985) , and other 71 cones seem to correspond to the same time interval (probably within the last 40,000 yr BP) judging from the degree of erosion. These young volcanoes only occur in the southern half of the volcanic field (Hasenaka and Carmichael, 1985, 1987) . Ban et al. (1992) have dated eight medium-sized shield volcanoes and one stratovolcano, reporting ages between 0.06 Ma and 2.27 Ma, while Nixon et al. (1987) have dated three shield volcanoes (0.87-2.60 Ma).
The small and medium sized volcanic centers have a similar distribution in time and space. However the mediumsized centers are more frequent in the northern part of the MGVF than small-sized cones, while the cinder cones in the Michoacán-Guanajuato volcanic field (base map adopted from Ban et al., 1992) .
north are older (>40,000 years) than those in the south, suggesting a southern migration of the eruptive activity. This migration has occurred about 1 Ma, probably in response to changes in plate motions (Ban et al., 1992; DelgadoGranados et al., 1995) The MGVF seems well suited for study on the secular variation of the geomagnetic field, because the life of the monogenetic volcanoes is of few years to 20 years, therefore each of them presents a spot reading of the geomagnetic field. Our sampling strategy was largely conditioned by previous stratigraphic and geochronologic studies, we tried to sample only the volcanoes with available radiomet- ric dates (Fig. 3 ). The names of volcanoes and ages are listed in Table 1 . We note that for six volcanic centers only relative ages can be estimated based on relative stratigraphy and field observations. Samples for K-Ar dating from those units have been prepared and are being analyzed (only one yielded analytical results). The new radiometric (K-Ar) date obtained from El Estribo volcanic center yield an age 25±4 ka (Herve Guillou, personal communication 2003) . Eight to ten standard paleomagnetic cores were obtained from each site using a portable gasoline-powered drill, and oriented with both magnetic and sun compasses prior to removal. A total of the 230 samples belonging to 24 individual volcanoes were collected (Fig. 3) . The cores were later sliced into standard specimen cores (2.5 cm diameter, 2.1 cm high) for the laboratory measurements.
Rock Magnetic Properties
Rock magnetic measurements were carried out to investigate on the magnetic mineralogy and magnetic carriers responsible for remanent magnetization and to obtain information about their paleomagnetic stability. These experiments included: a) Measurement of the continuous temperature-dependent susceptibility curves, b) IRM (isothermal remanent magnetization) acquisition experiments and c) Hysteresis loop measurements.
Susceptibility vs temperature
These experiments were carried out using a Bartington susceptibility meter MS-2 equipped with a furnace. The Curie points are determined using Prevot et al.'s (1983) method. One sample per site was heated up to 600
• C at a rate 10
• C/min, and then cooled at the same rate (Fig. 4) . In most of cases the samples show the presence of a single magnetic/ferrimagnetic phase with Curie temperature (T c ) between 530-580
• C, compatible with the low-Ti titanomagnetite. We note that in some cases, the cooling and heating curves are not reversible and some show a susceptibility increment after cooling (Fig. 4) . Few samples show two different thermomagnetic phases during heating (sam- (Day et al., 1977) with fields for domain fields.
ples M25 and M97). The lower Curie points are about 250-350
• C, and the highest points are about 550-580
• C. The cooling curve shows only a single phase, compatible with magnetite. This behavior may be explained from transformation of titanomaghemites into magnetite during heating of samples in air. In a single case (sample M97), the curve yields evidence of two ferrimagnetic phases during heating and cooling; both Ti-rich and Ti-poor titanomagnetites seem to co-exist in this lava flow.
Hysteresis experiments
Hysteresis measurements at room temperature were carried out on all studied samples using the AGFM 'Micromag' system in fields up to 1.4 Tesla. The hysteresis parameters (saturation remanent magnetization M r , saturation magnetization M s , and coercive force H c ) were calculated after correction for the paramagnetic contribution. Coercivity of remanent (H cr ) was determined by applying a progressively increasing back-field after saturation. The curves are quite symmetrical (Fig. 5(a) ) in almost all cases. Near the origin no potbellied and wasp-waisted behaviors (Tauxe et al., 1996) were detected, which could reflect relatively restricted ranges of grains coercivities. Only exception is site Urujuato that shows typical waspwaisted behavior, and which may reflect coexistence of ferromagnetic phases, most probably the mixture of (titano)magnetite and (titano)hematite with different coerciv- ities (Tauxe et al., 1996) . IRM (Isothermal remanent magnetization) intensity curve indicate, that the saturation is reached in low/moderate fiels of the order of 100-200 mT (sample El Pelon), which suggesting that a spinel phase (titano)magnetite and/or (titano)maghemite is the main remanence carrier. Judging from the ratios of the hysteresis parameters (H cr /H c ranges between 0.92 and 3.45 and M r /M s varies from 0.13 to 0.58), it seems that all samples fall in the single domain (SD) and pseudo-single-domain (PSD) grain size regions (Day et al., 1977; Dunlop, 2002) , probably indicating a mixture of multidomain (MD) and a significant amount of SD grains (Fig. 5(b) ).
Paleodirections

Laboratory procedures
The intensity and direction of natural remanent magnetization (NRM), of 6 to 10 samples from each unit, were measured with a JR-5A spinner magnetometer (sensitivity∼10 −9 Am 2 ). Both alternating field (AF) demagnetization up to 100 mT peak fields using a Molspin AF-demagnetizer, and stepwise thermal demagnetization up 575-675
• C using a non-inductive Schonstedt furnace were carried out to investigate the vectorial composition and stability of NRM.
Demagnetizations
In total, 240 specimens were subjected to stepwise magnetic cleaning. In general single stable paleomagnetic com- ponents were recognized in the samples (Fig. 6) . A small secondary component, which is probably a viscous overprint, is sometime present and easily removed after demagnetization to 200-300
• C or 10-20 mT. Few samples (e.g., El Pelon in Fig. 6 ) show evidence for strong secondary magnetizations, which were removed at about 500
• C. The greater part of remanent magnetization is removed at temperature between 520 and 570
• C, which indicate, once again, that low-Ti titanomagnetites is the main remanence carrier. The median destructive field (MDF) range between (30-40 mT) pointing to small PSD grains as remanence carriers (Dunlop andÖzdemir, 1997) .
Directional results
The characteristic remanent magnetization (ChRM) was determined by the least-squares principal component analysis (PCA) method (Kirschvink, 1980) , 4 to 9 points being taken for this determination. The obtained directions are averaged and statistical parameters have been calculated by Fisher distribution (Fisher, 1953) . Results for all 24 sites are summarized in Table 1 . Seven sites yielded reverse polarity and 16 sites are of normal polarity (Fig. 7) . The betweensite angular dispersion for normal polarity sites is relatively high, with both easterly and westerly declinations. One site (Cerro Grande de Cortazar) was characterized by high NRM intensity (more that several hundred A/m) and scattered NRM direction probably due to the lightning. All samples from this site were rejected for further paleomagnetic analysis.
Paleointensity Determinations
Thellier experiments
The Thellier method (Thellier and Thellier, 1959) in its modified form (Coe, 1967; Coe et al., 1978) was used in this study. This technique involves heating samples twice at each temperature step: once in a zero magnetic field to re- move a portion of NRM and once in a laboratory field to determine the partial thermoremanence (pTRM) gained. The ratio of NRM lost to pTRM gained is proportional to the ancient field. This technique was used in present study to determine absolute geomagnetic paleointensity. The heating and coolings were carried out, using a MDT80 furnace and the laboratory field set to 30 microTesla. Thirteen temperature steps were distributed between room temperature and 580
• C. During the experiment five control heatings (so-called "pTRM" checks) were performed to check the thermal alteration (Coe et al., 1978) .
Paleointensity results
Altogether forty-eight samples from six sites (volcanoes) were pre-selected for Thellier paleointensity experiment because of stable one component magnetization accompanied with relatively high MDF values, elevated blocking temperature, and reasonably reversible k-T curve. We note that in some cases the heating and cooling k-T curves were not nearly reversible, indicating some degree of mineralogical alteration (Fig. 4) . Some typical Arai-Nagata curves (Nagata et al., 1963) are shown in Fig. 8 , and the results are given in Table 2 . The criteria that we used for individual paleointensity determination are basically similar to those reported by Conte et al. (2004) and can be described as follows. We only accepted determinations that fulfill the following criteria: (1) obtained from at least six NRM-TRM points corresponding to a NRM fraction larger than 1/3, (2) yielding quality factor (Coe et al., 1978) of about 5 or more, and (3) with positive 'pTRM' checks i.e. the deviation of "pTRM" checks was less that 15% (Table 2) .
Finally only twelve samples, from two volcanoes, yield reliable paleointensity estimates. For these samples the Table 2 . Paleointensity results from MGVF volcanic units, n is the number of NRM-TRM points used for palaeointensity determination, T min -T max is the temperature interval used, f , g and q are the fraction of extrapolated NRM used, the gap factor and the quality factor (Coe et al., 1978) respectively. F E is the paleointensity estimate for an individual specimen, and σ (F E ) is its standard error; VDM and VDMe are individual and average virtual dipole moments. fraction of NRM f used for paleointensity determination ranges between (0.66-0.99) and the quality factor q from (12.3-61.4) generally greater than 5. Moreover, the NRM end points, obtained from the Thellier experiments at each step, is reasonably linear and point to the origin (Fig. 8 , right side); no deviation of the direction NRM left toward the applied laboratory field was observed. The remaining samples have been rejected on basis of typical "concaveup" behavior (Dunlop andÖzdemir, 1997) .
Main Results and Discussion
We consider the characteristic paleomagnetic directions determined for the Michoacan-Guanajuato volcanics to be of primary origin. This is supported by the occurrence of both normal and reversed polarities and absence of secondary magnetizations with linear vector plots after thermal and AF demagnetization. In addition, thermomagnetic curves show that the remanence is carried in most cases by Ti-poor titanomagnetite, resulting of oxi-exsolution of original titanomagnetite during the initial flow cooling, which most probably indicates thermoremanent origin of a primary magnetization. Moreover, unblocking temperature spectra and relatively high coercivity point to 'small' pseudo-single domain magnetic structure grains as responsible for remanent magnetization. Single-component, linear demagnetization plots were observed for most samples.
The mean paleodirection obtained in this study is I=28.4
• , D=357.9
• , k=21, α 95 =7.3
• , which corresponds to the mean paleomagnetic pole position P lat =85.7
• , P long =104.5
• , K=27, A 95 =6.4
• (Table 1, 4) . These directions are practically undistinguishable from the expected Plio-Quaternary paleodirections, as derived from reference poles for the North American polar wander curve (Besse and Courtillot, 2002) and in agreement with previously reported directions from central Mexico Morales et al., 2001; Urrutia-Fucugauchi, 1995 Herrero-Bervera et al., 1986) . Absolute paleointensities, obtained from only two sites (twelve samples), yield values close to the present geomagnetic field strength ( Table  2 ). The Thellier and Thellier (1959) method of geomagnetic absolute intensity determination, which is considered the most reliable one, imposes many restrictions on the choice of samples that can be used for a successful determination (Kosterov and Prévot, 1998) . The almost 95% failure rate that we find in our study is not exceptional for a Thellier paleointensity study, if strict pre-selection of suitable samples and strict analysis of the obtained data are made. In this study, mineralogical alteration of samples during laboratory heating can account for the unsuccessful Thellier experiments. Although our results are not numerous, some consideration is given because of good technical quality determination, attested by the reasonably high Coe et al's quality factors. These new paleointensity determinations contribute to the paleointensity database being constructed from recent studies in central Mexico (e.g., Alva-Valdivia et al., 2001; Goguitchaishvili et al., 2002; Morales et al., 2001 Morales et al., , 2003 Urrutia-Fucugauchi et al., 2004) . However, there are not enough data to discuss VDM variation trough time.
Seven sites yielded reverse polarity and 16 sites are normally magnetized. Site Cerro Grande Cortazar (Table 1) is characterized by high NRM intensity (several hundred A/m) and scattered direction probably due to the lightning. All samples from this site were rejected for further paleomagnetic analysis. An interesting feature of the geomagnetic record obtained from MGVF is that lava flow Brinco del Diablo, dated as 1.88±0.24 Ma yielded well-defined normal paleodirections, which probably corresponds to worldwide observed Olduvai geomagnetic event within globally reverse Matuyama chron (Cande and Kent, 1995) . Sites Buenavista Tomatlan and Yahuarato (Table 1) both gave similar radiometric dates (540±80 ka and 540±70 ka respectively) but opposite paleodirections. Age uncertainties make difficult to affirm whether these findings represent geomagnetic phenomena. It may be speculated however that site Yahuarato records the 40 Ar-39 Ar dated Big Lost event (incremental heating age of 580.2±7.8 ka after Singer and Brown, 2002) . Sites El Fresno and Cerro Grande both yielded fully reversed paleodirections. On the basis of field observations, these units are older than 40 ka (Table 1) . In absence of absolute dating, it is not clear whether they are formed during Matuyama chron or correspond to short duration geomagnetic events within Brunhes chron. Bohnel et al. (1990) ; ( Sel. M-Selection using criteria of McFadden (1980) . Sel. V-Selection using criteria of Vandamme (1994) .
A simple way to measure the PSV is to calculate the angular standard deviation ASD of virtual geomagnetic pole for a given locally (McFadden et al., 1988 (McFadden et al., , 1991 . The classic formula S 2 F = S 2 T − S 2 W /n was used for estimating paleosecular variation in this study where, here, S T is the total angular dispersion (Cox, 1969) , N the number of sites used in the calculation, δ i the angular distance of the ith virtual geomagnetic pole from the axial dipole, S W the within site dispersion and, n the average number of sample per site. Table 3 lists currently available data from volcanic rocks of central Mexico. Some of the early PSV analyses have included compilation of databases of paleodirectional results. For this study, we have re-examined the original reports to produce an updated database for central Mexico (Table 3) . We use the paleolatitude of 60
• as a cut-off angle to separate the paleosecular variation of intermediate geomagnetic regime, and rejecting the data with α 95 >15
• and N <3. Using this criteria and the new data obtained in this study, we obtained S F =15.4 with S U =19.6 and S L =12.7 (upper and lower limits respectively) which is in good accordance with the model of McFadden et al. (1988 McFadden et al. ( , 1991 for the last 5 Ma ( Fig. 9 ; Table 4 ). Combination of our data with previously published results from TMVB do not support the hypothesis that the central Pacific low non-dipole region extends westwards into central Mexico as suggested by Doell and Cox (1971) .
Paleomagnetic investigations of PSV in the Pacific volcanic sequences (e.g., Tanaka and Kono, 1991; Mankinen and Champion, 1993; Miki et al., 1998) have obtained data supporting the existence of a significant non-dipole field at the central Pacific Ocean region. Johnson and Constable (1998) have proposed the occurrence of large non-axial dipolar contributions over time scales of 100 years to 1 Ma in the Pacific region. On the other hand, McElhinny and McFadden (1997) have re-examined the old data from Hawaii and Tahiti and used a new statistical method to account of those flows that have repeatedly sampled the same (1988, 1991) .
geomagnetic field vector. They concluded that the amplitude of the secular variation is consistent with values from other worldwide-scattered sites, not supporting the hypothesis of the Pacific low non-dipole window (see also McElhinny et al., 1996) . The occurrence of significant non-dipole field anomalies and the time-averaged field have long remained central aspects of paleomagnetic research (Wilson, 1970; Wilson and McElhinny, 1974) . Temporal average of paleomagnetic directions for a given locality should permit to average out the secular variation effects, and the time-averaged paleomagnetic field is then the geocentric axial dipole field. This constitutes the geocentric axial dipole GAD hypothesis, which provides the foundations for tectonic applications of paleomagnetism. Wilson (1970) found that paleomagnetic directions averaged over long intervals in the Tertiary often result in shallower inclinations compared to those for a GAD field. This inclination anomaly has been thoroughly studied and several models have been developed to explain its spatial and temporal characteristics (Wilson and McElhinny, 1974; McFadden et al., 1988 McFadden et al., , 1991 . Elmaleh et al. (2001) have proposed that an inclination anomaly of about −10
• has characterized the Pacific Ocean region during Brunhes chron. The inclination anomaly is asymmetrically distributed with respect to the magnetic equator, which has been related to offset dipolar fields, and axial quadrupole and octupole effects. The paleomagnetic mean direction for the Michoacán-Guanajuato volcanics shows an inclination anomaly of only few degrees, indicating no significant anomaly for central Mexico. The absence of significant inclination anomalies for central Mexico has also been documented in other studies of Plio-Quaternary volcanic sequences (e.g., Urrutia-Fucugauchi, 1996; Goguitchaichvili et al., 2002; Bohnel and Molina-Garza, 2002) . For Tertiary times, tectonic deformation makes inferences about the time-averaged paleofield more problematic.
